Bimolecular fluorescence complementation (BiFC) assay makes it possible to visualize protein-protein interactions in living cells. In this assay, Venus, a brightyellow variant of green fluorescent protein, is known to produce fluorescent backgrounds due to non-specific interactions. In this study we found that the V150A mutation increased by 8.6-fold the signal-to-noise ratio in the BiFC assay of bFos-bJun interaction.
Protein-protein interactions play important roles in many biological processes in cells. Direct visualization of these interactions helps in understanding cellular functions in vivo. Several methods have been developed to visualize protein-protein interactions in living cells, including fluorescence resonance energy transfer (FRET), protein fragment complementation, and bimolecular fluorescence complementation (BiFC). 1) Among these BiFC assay is widely used due to its simplicity and high sensitivity. It is based on the association of nonfluorescent fragments of a certain fluorescent protein that has been split in two. Complementation between the N-and C-terminal fragments of green fluorescent protein (GFP) was first reported for E. coli.
2) Kerppola et al. visualized the interactions between bZIP and Rel family proteins in living cells using enhanced yellow fluorescent protein (EYFP).
3) To date, more than 10 fluorescent proteins have been used to visualize protein interactions in living cells. [2] [3] [4] [5] [6] [7] [8] [9] Venus, a bright-yellow variant of GFP, efficiently matures at physiological temperature, and the intensity of fluorescence is higher than EYFP. 10) Thus Venus is suitable for the visualization of cellular structures. Nevertheless, the background signal of spontaneous interactions between the N-and C-terminal fragments of Venus is frequently observed in BiFC assays. 5, 11) This spontaneous selfassembly also occurs in other fluorescent proteins, and it disturbs detection of the true signals in BiFC assays. Here we report point mutations that dramatically reduce non-specific interactions between the N-and C-terminal fragments of Venus without any significant reduction in fluorescent intensity.
Venus was split in two, VN155 (residues 1-154, yellow) and VC155 (residues 155-238, cyan) (Fig. 1A) . We hypothesized that the background fluorescence of Venus would be reduced if we weakened the hydrophobic interactions between VN155 and VC155. We focused on the amino acid residues predicted to be involved in the hydrophobic interactions between them on the basis of the three-dimensional structure of Venus (Fig. 1B) . L201 of VC155 has four interacting partners, Y74, F84, V150, and I152 of VN155, and L207 of VC155 has three interacting partners, V61, Y143, and Y145 of VN155, indicating that these two leucines should be hydrophobic core residues and might be responsible for the non-specific fluorescent background. Hence we replaced L201, L207, V150, and I152 with other hydrophobic amino acids (L, I, V, and A respectively) by site-directed mutagenesis.
First we examined the fluorescence of Venus variants in which mutations had been introduced at L201, L207, V150, and I152. Plasmid pCS2-Venus was provided by Dr. Atsushi Miyawaki (RIKEN), and was used for sitedirected mutagenesis. Figure 2A (left column) shows representative fluorescent images. Figure 2B shows the relative fluorescence efficiency of wild-type Venus and its variants, where the wild type was taken to be 100. The relative fluorescence efficiency was calculated by counting the number of Venus variant-expressing cells (yellow fluorescent) among the mCherry-fluorescent cells (red fluorescent) after co-transfection of Venus variant plasmid and pmCherry, the internal expression marker plasmid. The relative fluorescence efficiencies of L201A, L207A, and V150A were as high as the wild type, while that of I152A variant was half of the wild type, but high enough for the detection. Except for V150L and I152A, the relative fluorescence efficiencies of the Venus variants were almost the same as that of the wild type. These results indicate that the structures of these variants were not much affected by these mutations.
Next we examined the BiFC signals of the Venus variants. Plasmid pBiFC-bJunVN173, which encodes residues 1-172 of Venus, and plasmids pBiFCbFosVC155 and pBiFC-bFos(deltaZIP)VC155 were provided by Dr. Chang-Deng Hu (Purdue University), and were used for site-directed mutagenesis. We used y To whom correspondence should be addressed. Tel: +81-72-254-9464; Fax: +81-72-254-9463; E-mail: cnakagawa@bioinfo.osakafu-u.ac.jp Abbreviations: BiFC, bimolecular fluorescence complementation; FRET, fluorescence resonance energy transfer; GFP, green fluorescent protein; EYFP, enhanced yellow fluorescent protein; VN, Venus N-terminal fragment; VC, Venus C-terminal fragment; S/N, signal to noise transcription factors, bJun and bFos, known to form a hetero dimer, as positive control, and bJun and bFosÁZIP, lacking the carboxy-terminal half of the bFos leucine zipper domain, as negative control for the protein-protein interactions in this BiFC assay. As shown in the right column of Fig. 2A , no signals were observed for bFos-VC155(L201A or L207A) or bJun-VN155(I152A). A fluorescent signal was observed for bJun-VN155(V150A)/bFos-VC155 without significant reduction, although its fluorescence intensity was less than that of bJun-VN155/bFos-VC155. Figure 3 shows the relative BiFC efficiency of the wild-type Venus and its variants. In previous studies, fluorescence intensity was used to compare the BiFC signals among these, but this did not appear to be appropriate, especially when the fluorescence signals were very weak. Rather, we defined the relative BiFC efficiency obtained by counting the number of BiFC cells (yellow fluorescent) among mCherry-fluorescent cells (red fluorescent) after co-transfection of Venusbased pBiFC plasmids and pmCherry as the internal expression marker plasmid. The value of the BiFC efficiency of wild-type bJun-VN155/bFos-VC155 was taken to be 100 at the replaced positions (L201, L207, V150, and I152). The BiFC efficiency of the mutated Venus decreased greatly as compared to the wild type. As for L201 and L207 of VC155, the shorter the side chain length of the amino acids was, the lower the background of BiFC signals in the bJun-VN155 and bFosÁZIP-VC155 association. As for V150 and I152 of VN155, the shorter or the longer the side-chain length was, the lower the background of BiFC signals in the bJun-VN155 and bFosÁZIP-VC155 association. Nevertheless, the mutations to L201A, L207A, and I152A were too severe to allow retention of the BiFC signals (see also Fig. 2A ). These results indicate that the fluorescence of the BiFC signal changes depending on the length of the side chain of V150, I152, L201, or L207. The signal of bJun-VN155/bFosÁZIP-VC155 decreased greatly as compared to that of bJun-VN155/ bFos-VC155. When the signal-to-noise (S/N) ratio was defined as the ratio of bJun-VN155/bFos-VC155 to bJun-VN155/bFosÁZIP-VC155, the S/N ratios of the A, Fluorescent images of Venus variants. Mouse C3H10T1/2 cells were transfected with plasmids encoding Venus and its variants (L201A, L207A, V150A, and I152A) using LipofectamineÔ LTX Reagent (Invitrogen, Carlsbad, CA) following the manufacturer's instructions. Twentyfour h after transfection, the cells were fixed and observed under a fluorescence microscope, as described previously 14) (left column). BiFC images were obtained after transfection with bJun-VN155 and bFos-VC155 plasmids (right column). B, Relative fluorescence efficiencies of the Venus variants. Plasmid pmCherry 15) encoding the improved red fluorescent protein was used as internal control for protein expression. C3H10T1/2 cells were transfected with Venus and pmCherry plasmids at a molar ratio of 3:1. Relative fluorescence efficiency was calculated from the number of Venus (yellow) fluorescent cells among mCherry (red) fluorescent cells. Standard deviations were calculated from the images captured in three independent experiments. A, The 11-stranded -barrel structure of Venus (Protein Data Bank code 1MYW). Venus was split into N-and C-terminal fragments in this study, VN155 (residues 1-154, yellow) and VC155 (residues 155-238, cyan) respectively. Y74, F84, V150, and I152 (gray spheres) of VN155 are close to L201 (magenta sphere) of VC155, while V61, Y143, and Y145 (gray spheres) of VN155 are close to L207 (magenta sphere) of VC155. The chromophore is colored green. This figure was created using the PyMOL molecular graphics system (http://www.pymol.org). B, C-C contacts between VC155 and VN155 fragments. Pairs of hydrophobic amino acid residues with a side-chain C-C distance of <4:5 Å are listed.
variants of V150A, L201V, and L207V increased 8.6-fold, 4.2-fold, and 3.0-fold respectively (Fig. 3) .
While this report was in preparation, Lin et al. and Kodama et al. reported that point mutations of V150L 12) and I152L 13) of Venus reduce self-assembly and decrease background fluorescence. The S/N ratios of the variants of V150L and I152L (2.1 and 1.7 respectively) were much lower than those of V150A (8.6), L201V (4.2), and L207V (3.0) in this study.
In conclusion, point mutations of V150A, L201V, and L207V efficiently reduced the non-specific fluorescent background without any significant reduction in fluorescent intensity. The strength of the interactions between VN155 and VC155 is likely to depend on the length of the side chain of V150, I152, L201, or L207. These improved Venus fragments should facilitate the study of protein interactions in living cells in the future. L201 and L207 of bFos-VC155 and V150 and I152 of bJun-VN155 were replaced with amino acids L, I, V, and A by PCR-based site-directed mutagenesis to obtain four substitutions at each position. The replaced bJun-VN155/bFos-VC155 plasmids were transfected into mouse C3H10T1/2 cells. The bFosÁZIP-VC155 plasmid, lacking the carboxy-terminal half of the bFos leucine zipper domain, was used as negative control (background). The mCherry plasmid was also included in the transfection cocktail at a molar ratio of 1:3 to the BiFC plasmids, and was used as internal control for protein expression. Relative BiFC efficiency was calculated from the number of co-fluorescent BiFC cells among mCherry fluorescent cells. The positive BiFC fluorescence signal and the negative backgrounds of the various Venus variants were obtained with bJun-VN155/bFos-VC155 and bJun-VN155/ bFosÁZIP-VC155 respectively. The BiFC efficiency of wild-type bJun-VN155/bFos-VC155 was taken to be 100. Standard deviations were calculated from three independent experiments.
